Journal of The Electrochemical Society, 162 (14) F1-F36 (2015) F1 0013-4651/2015/162(14)/F1/36/$33.00 © The Electrochemical Society Alkaline fuel cell technology has been reinvigorated since the recent rapid development and deployment of anion exchange membranes. Without the "acid-stability" requirement in low pH environments such as that of proton exchange membrane fuel cells, a much wider range of materials including noble metals, non-noble transition metals, and even metal-free electrocatalysts for the oxygen reduction reaction (ORR) in alkaline media have been developed due to both thermodynamic and kinetic reasons. As compared to the rapidly increasing number of reports on the development of novel catalyst materials, the understanding of the reaction mechanisms of the various ORR electrocatalysts is quite insufficient, and the application and investigation in real alkaline anion exchange membrane fuel cells (AAEMFCs) is even scarcer. By reviewing the compositions, preparation methods, physiochemical properties and ORR performance of different categories of cathodic electrocatalysts that have emerged in the past few years, some common and intrinsic properties and factors that account for the superior activity of these materials may be extracted and summarized, which may further help to identify the reasons for the kinetic facility of the ORR in alkaline media. Some practical issues of utilization of the promising novel replacement materials for the state-of-the-art Pt-based cathodic electrocatalysts in AAEMFCs are pointed out. In addition to the progress on the development of novel materials with outstanding ORR activity, many and varied compositions and morphologies in one, two and three dimensions, scalable preparation technologies, low cost, and other unique properties, some feedback on the performance and especially the problems of their use as cathodes in AAEMFCs is urgently needed. Such feedback should provide guidelines for the design and manufacture of next-generation electrocatalysts and accelerate the application of AAEMFCs. 
26
Although the alkaline fuel cell (AFC) was the first to be put into 27 practical use in the history of fuel cells, it has been largely ignored by 28 the electrochemical research community for decades due to technical 29 problems [1] [2] [3] and some other economic factors. A renaissance of AFC ORR in alkaline media generates peroxide anion in the series path-65 way and hydroxide anion as the final product. However, the ORR 66 is generally more facile in alkaline media for both thermodynamic 67 and kinetic reasons. 12,16-18 It has been commonly concluded that the 68 rate-controlling-step is the first electron transfer to the adsorbed O 2,ad 69 (inner sphere reaction) or formation of the superoxide radical anion 70 
O 2
•− (outer sphere reaction) during ORR in both acidic and alka-71 line media, 12, [19] [20] [21] [22] although there is a controversial viewpoint that 72 dissociative chemisorption of molecular O 2 on the electrode surface 73 determines the ORR rate according to Yeager. 23-25 Figure 3a shows instead of the equilibrium potential as the y axis.
93
From Figure 3b , some very important information can be obtained. imum overpotential between line 3 and line 2 is only ∼0.3 V at pH 111 = 13. The dramatic decrease of the intrinsic overpotential of ORR 112 that is evaluated by the above difference of standard potential from 113 a low pH to a high pH environment was presumed as the primary 114 thermodynamic reason for a feasible ORR process on a large number 115 of electrode materials. 18, 26 Nevertheless, in fact, a smaller overpo-116 tential does not necessarily indicate "surface-independency" of the 117 rate-determining step of ORR in alkaline media.
118
This question was better explained by Nagappan et al. 12 with con-119 sideration of the double layer structure and outer-sphere electron trans-120 fer mechanisms (see Figure 3c ). In the schematic illustration of the 121 double-layer structure during ORR in alkaline media (Figure 3c ), Na-122 gappan et al. show a "universal" scenario with both chemisorbed O 2 123 at the inner Helmholtz plane (IHP) and water solvated O 2 packed at 124 the outer Helmholtz plane (OHP). The inset (a) in Figure 3c depicts a 125 common inner-sphere electron transfer mechanism applicable for both 126 acidic and alkaline media. More interestingly, the inset (b) shows an 127 outer-sphere reaction that is unique to alkaline media. The uniqueness 128 is actually coming from the interaction between the H atom in OH ads 129 and the O atom in the solvent water molecule via an H bond. Such "H 130 bond" interaction appears less likely in acidic media because the elec-131 trode will be mainly covered with anions (e.g. ClO 4
− , SO 4 2− ) from 132 the supporting electrolyte. Though much lower than the chemisorp-133 tion energy associated with O 2ads , the hydrogen bond energies (<35 134 kJ mol −1 ) are just enough to overcome the minimum overpotential be-135 tween line 3 and line 2 in high pH environment as shown in Figure 3b . 136 As a direct consequence, an outer-sphere electron transfer to form 137 the superoxide species can be promoted in alkaline media regardless 138 of the underlying electrode surface. As an important conclusion, the 139 promotion by the interaction between the O 2 · (H 2 O) n cluster and the 140 surface hydroxyl species was assigned as the fundamental reason for 141 the so-called "nonspecificity" of the rate-determining step of the ORR 142 in alkaline media, which creates the possibility to use a broad range 143 of conducting materials as ORR electrodes.
144
However, the above conclusion was built on some presumptions, 145 that for example the first reaction step involving the redox couple of 146 O 2,ad / O 2,ad − is a surface-independent outer-sphere electron transfer 147 process. 27 Under real conditions in which more complex multistep and 148 multielectron processes and different types of adsorbed intermediates 149 and surface modified electrodes are considered, a better understanding 150 of the generally more facile ORR in alkaline media has to be made 151 from the point of view of kinetics. It is only reasonable to compare 152 the kinetics of the ORR at extreme pH conditions (traversing from 0 153 to 14) on the same electrode surface because many factors (Eq. 1 18 ) 154 such as the order of activity of active sites and coverage of spectator 155 species vary with different electrodes. First of all, for the benchmark catalyst material of Pt for ORR, the 157 kinetics is even inhibited to some extent in alkaline media. 11, 28, 29 From 158 the work pioneered by Conway 30 and others, the surface of a polycrys-159 talline Pt electrode is covered by oxide species with an onset potential 160 of ca. 0.75 V (vs. RHE), either due to water activation in acid or OH species already. This "nonspecificity" is originated from the interac- on the non-noble-metal electrodes such as pyrolyzed metal macrocy-188 cle compounds and recently reported N or S doped two dimensional 189 carbon materials. [33] [34] [35] For instance, a 200 mV positive shift of the half 190 wave potential for ORR has been seen on Fe or Co based metal-N 191 composite electrodes when they are transferred from acidic to alka-192 line media. 36, 37 The above mentioned "nonspecificity" and promotion 193 of outer-sphere electron transfer are certainly beneficial for ORR to 194 "occur" in alkaline media. However, on the other hand, it may be 195 considered as a disadvantage for "complete" oxygen reduction since 196 peroxide species are the main products of the outer-sphere reaction 197 mechanisms, given the fact that the 2-electron + 2-electron series 198 pathway is more likely according to direct evidence from rotating 199 acid solutions.
219
The thermodynamic and kinetic facility of the ORR stemming and stability at pH = 14. 46 Therefore, the pertinent work was more fo-267 cused on alloying Pt with other noble metals. Nanoporous PtPd alloys 268 with various ratios of Pt were fabricated using a "one-step" method 269 by dealloying PtPdAl precursors. 47 The superior activity of the PtPd 270 alloyed catalyst was ascribed to both shrinking of the Pt lattice and 271 stronger binding energies for OOH ( 56 Apart from the above-mentioned electronic effect, the 284 ORR kinetics on Pt can be improved by changing the crystal structure 285 in the microscopic range. Devivaraprasad et al. 58 correlated ORR ac-286 tivity with the crystal structure of Pt nanoparticles, and established the 287 order of Pt-tetrahedral ({111}-facet dominant) > Pt-polycrystalline 288 ≈ Pt-cubic({100}-facet dominant) > Pt-cuboctahedral ({100}-facet 289 dominant), which agrees with the single crystal studies in 0.1M KOH 290 or NaOH with the order of {111}>{110}>{100}. 28, 59 In contrast, 291 changing the morphology macroscopically only showed a marginal 292 effect on improvement of ORR activity of Pt. Since 363 high temperature heat treatment is not always necessary for synthesis 364 of the above alloy catalysts, the enhanced activity may be attributed to 365 stronger synergistic and better ensemble or miscibility effects with Pd 366 or Ag although no detailed studies on this hypothesis are available yet. 367 Different from forming alloys or core-shell structures with other 368 metals, some metal oxides were also added into Pd or Ag based cat-369 alysts and helped to improve the overall ORR performance. Slanac 370 et al. 90 synthesized Ag-MnO x /C composites with a new electroless 371 co-deposition method. From the STEM imaging and EDS elemen-372 tal mapping in Figure 6i Ag nanoparticles are interconnected with 373 MnO x nanodomains, providing a ligand effect and an ensemble effect 374 on ORR activity of the composite catalyst approaching that of Pt in 375 Figure 6ii . From others' reports, Pd or Ag-MnO x /CoO x composites 376 were prepared using a solvothermal method, 91 immersion-calcination 377 Figure 8a shows that Cu/C 429 and Au/C have very poor ORR kinetics. However, based on the DFT 430 calculation model in Figure 8b , the adsorption energy of the AuCu 3 431 alloy with oxygen (−1.04 eV) is very close to that of Pt (−1.06 eV). 432 In other words, the balance of oxygen adsorption and intermediate 433 12,150-152 As a result, it is generally required 498 to conduct the step of heat treatment during synthesis of transition 499 metal macrocycle based electrocatalysts to achieve optimized ORR 500 performance, from which some alternative ways to form metal-N x 501 composites were derived and developed (voyez-infra). Not the en-502 tire organic framework can survive after treatment under such harsh 503 conditions. However, at least partial metal-N x moieties can remain in 504 light of recent evidence by HR-XPS. 96, 153 It is the expectation that the 505 metal-N bond still plays a key role in the catalytic properties of the 506 pyrolyzed macrocycles. However, this must not be the complete story 507 because the pristine compounds with more optimized d characters 508 should have higher activity otherwise. There have been continuous 509 efforts on the identification of the active-site structure of pyrolyzed 510 metal macrocycles (especially the ones supported on carbon). 167,168 and Dodelet's metal ion-515 pyridinic nitrogen-edges of graphitic sheets, 149 were proposed and 516 may be true under their specific preparation conditions. This debat-517 able topic and the obscurity surrounding the nature of the active site 518 after pyrolysis of metal macrocycles have been given considerable 519 attention in recent years. Indeed some theoretical and experimental 520 works have advanced our understanding of the common nature and 521 original causes of activity of this class of electrocatalysts. Nagappan 522 et al. 33 combined electrochemical and spectroscopic studies to unravel 523 the nature of the active sites and ORR mechanisms on heat treated 524 porphyrin catalysts in both acidic and alkaline media. Although the 525 in situ XAS delta-mu ( μ) technique is literarily meant to remove 526 the background of the bulk electrode and obtain specific information 527 about surface adsorbates, 169-174 the nature of the sites where O 2 ad-528 sorbs can be still clarified with the assistance of theoretical simulations 529 since any adsorbates cannot stand alone with the direct effect of local 530 symmetrical and coordinating environments of the electrode surface. of sulfur in Mn-and Fe-incorporated catalysts, which is indicative of 560 the importance of the appropriate choice of metal salts for pyrolysis. 561 Asazawa et al. 179 synthesized Co-polypyrrole-based electrocatalysts 562 using Co(NO 3 ) 2 as the starting metal salt. Moreover, two kinds of ni-563 trogen structures (pyrrolic and pyridinic) were found to be coordinated 564 with Co to form active sites for ORR using Hard X-ray Photo Electron 565 Spectroscopy (HAXPES) analysis and DFT calculations. Consistent 566 with the deteriorated performance by treatment of the pristine CoP-567 PyC catalyst with sulfuric acid, Domínguez et al. 180 also found the 568 activity of Fe based electrocatalysts was decreased when subjected to 569 acid treatment, possibly due to removal of active sites and blockage 570 by adsorbed sulfates.
571
From Nagappan et al.'s study 33 it is the pyrolysis process that 572 integrates Fe-N 4 active sites into defective pockets on the carbon sup-573 port that can be either induced by pre-pyrolysis [181] [182] [183] [184] [185] [186] or during the 574 heat treatment by carbothermic reactions, 182,184 providing a large shift 575 of redox potential of the Fe 2+ /Fe 3+ couple and much lowered ORR 576 overpotential. Beyond that the pyrolyzing atmosphere was found to 577 be important to the catalytic activity, and the Co-based catalysts heat 578 treated in N 2 show better results than those in Ar or CO 2 . 187 The py-579 rolysis temperature was also found to be important in maximizing the 580 ORR performance of cobalt-polypyrrole and cobalt-phthalocyanine 581 based catalysts, because metallic Co that is not ORR active may be 582 It has been demonstrated that the activation of solvated O 2 602 molecules can be facilitated by OH − ions located at the electrode-603 electrolyte interface, leading to more facile ORR kinetics and 604 electrode-independent outer-sphere electron transfer.
12,18 As the main 605 fundamental reason for a broad choice of electrode materials for ORR 606 electrocatalysts in high pH environment, however, it obviously cannot 607 explain the complete O 2 reduction results with 4-electron transfer on 608 numerous carbon supported non-noble-metal electrocatalysts. 36,192-194 609 In fact, as illustrated in Figure 11 , the first 2-electron outer-sphere 610 transfer process has been suppressed by efficient displacement of 611 axial OH − anions on the catalytically active site of Fe(II)-N 4 by 612 molecular O 2 . This clearly indicates that the ORR has switched to 613 an inner-sphere electron transfer mechanism, in which the ferrous-614 hydroperoxyl adduct is stabilized and oxidized further to a ferric-615 hydoxyl species with the aid of a Frumkin-type double-layer effect.
616
Consistent with this study, Robson et al. 196 performed ORR mecha-617 nistic research on Fe-aminoantipyrine pyrolyzed electrocatalysts. A 2 618 × 2 pathway that mimics the direct 4-electron pathway was proposed 619 and deferred by the evidence of rapid reduction of H 2 O 2 in both acidic 620 and alkaline media.
621
Novel synthesis methods for metal-Nx/C electrocatalysts.-Knowing 622 the original causes of activity, it becomes unnecessary to prepare 623 the catalysts by pyrolysis of organometallic compounds, which may 624 raise the cost significantly with expensive precursors in large scale 625 production. One feasible alternative way to prepare metal-N x /C cat-626 alysts is to change the precursors or sources of nitrogen, metal ions 627 and carbon for ensuing high temperature pyrolysis. Recently evolved 628 heat-treatment precursors along with synthesis parameters and ORR 629 results are summarized in Table III .
630
Aside from thermal annealing, it is always more favorable to 631 conduct the synthesis at relatively low temperatures. As shown in 632 Figure 12 , a poly(sodium-p-styrenesulfonate) modified reduced 633 graphene oxide support (PSS-rGO) was first fabricated at 95
• C with 634 the assistance of hydrazine hydrate. Then metal 5,10,15,20-tetrakis(4-635 hydroxyphenyl)porphyrin (M-THPP) was grown in situ on the PSS-636 rGO hybrid using a solvothermal method at 150
• C. The unique 637 Although the metal-N x catalysts typically are amorphous in the 716 tens of nanometer range, some pioneering work has been done to pre-717 pare ORR catalysts with special shapes at the submicrometer or mi-718 crometer range. Chao et al. 210 polymerized melamine with formalde-719 hyde and doped with Co. The hierarchical peanut-like catalyst (Fig-720  ure 13a ) generated after hydrothermal reaction followed by heat treat-721 ment shows high catalytic activity (Figure 13b ) for ORR in alkaline 722 media. By heat treatment of a mixture of melamine, polyacrylonitrile 723 (PA) and ferric chloride (FeCl 3 ), another fog-like fluffy structured Fe-724 N x /C (Figure 13c ) catalyst was prepared. The added melamine was 725 found to be responsible for an increase of the porosity and defects in 726 the carbon matrix and modification of the N content and distribution, 727 leading to high ORR performance ( Figure 13d ) and outstanding sta-728 bility for the catalysts. Furthermore, an ordered hierarchically porous 729 structure ( Figure 13e ) seems to be beneficial to achieve a higher onset 730 potential and higher current density than Pt/C on a N and Fe codoped 731 catalyst (Figure 13f ). Without any carbon support, a hollowed-out oc-732 tahedral Co(II)-N complex (Figure 13g ) with comparable ORR activ-733 ity to that of Pt/C (Figure 13h ) was formed by a two-step synthesis 734 process (self-assembly at room T and carbonization at 800
• C). Nevertheless, it has been found that the ORR activity can be signif-764 icantly influenced by the nanostructure on metal oxide catalysts with 765 the same composition. 215 Meng et al. 215 synthesized α-, β-, δ-and 766 amorphous MnO 2 and found that only α-MnO 2 can catalyze ORR in 767 a 4-electron transfer mechanism as opposed to 2 e − transfer on other 768 MnO 2 samples. In another work, Selvakumar et al. 216 synthesized 769 different types of α-MnO 2 nanostructures by a hydrothermal method, 770 and found that ORR activity follows an order of nanowire > nanorod 771 > nanotube> nanoparticle > nanoflower. This is in line with the find-772 ing that a long belt-like a-MnO 2 catalyst shows doubled and 4 times 773 higher mass activity than a mixed tremella and short belt-like a-MnO 2 774 catalyst and a Tremella-like d-MnO 2 catalyst respectively (Figure 15 ). 775 Table IV .
779
For noble-metal and metal-N x types of ORR electrocatalysts, the 780 carbon support has been widely used to improve the dispersion of 781 metal nanoparticles and provide specific anchoring sites for metal-N x 782 active centers or synergic interactions between catalysts and the sup-783 port. Although in some cases in Table IV 232-234 Nonetheless, the enthusiasm for utiliza-802 tion of transition metal chalcogenides in alkaline media seems to 803 be surpassed by other types of transition metal electrocatalysts (vide 804 ante), given the very few reports in the literature during the last three 805 years. All the same, some attempts to develop transition metal chalco-806 genides with novel compositions and structures have been put into 807 practice, which help to better understand some fundamental func-808 tions of this class of materials for ORR in alkaline media. Tetragonal 809 and cubic phase Cu 2 Se nanowires (NWs) were synthesized using a 810 self-assembling method at 220
• C and 280
• C respectively. 127 From the 811 kinetics study, the ORR pathway is structure-dependent with a direct 812 4e − mechanism on the tetragonal Cu 2 Se NWs and a dual-path mode 813 that comprises both 2e
− and 4e − mechanisms on the cubic Cu 2 Se 814 NWs. However, no further investigation follows the hypothesis that 815 the spatial arrangement of Cu and Se atoms affects the adsorption and 816 activation of O 2 molecules and modulates the electrocatalytic ORR 817 performance of Cu 2 Se NWs. Different from the synthesis route using 818 surfactants for phase structure control of Cu 2 Se NWs, CoSe 2 /C was 819 prepared via a two-step heating reaction method in p-xylene without 820 any surfactants. 235 The as-synthesized cubic CoSe 2 catalyst shows a 821 four-electron transfer pathway for ORR in alkaline media and higher 822 tolerance to methanol than Pt/C. Analogous to selenium, transition 823 metal sulfur chalcogenides were also studied for the catalytic reduc-824 tion of oxygen in alkaline media.
825
With a general goal of improvement of conductivity and investi-826 gation of possible synergetic coupling effects between metal sulfides 827 and nitrogen doped graphene, aerogel-supported NiS 2 nanoparticles 828 were prepared by a one-pot hydrothermal method. 236 Only nitrogen 829 was doped into the graphene support, and the existence of a synergetic 830 effect between NiS 2 and NG was inferred according to the more pos-831 itive onset potential and higher current density of ORR on NiS 2 /NG 832 as compared to stand-alone NiS 2 and NG. In another example, Peri-833 asamy et al. 237 prepared Cu 9 S 8 /CNT nanocomposites by a one-step 834 wet chemical method. In spite of some catalytic activity for ORR 835 and good tolerance to MeOH and CO, a hypothesis of formation of 836 oxy-hydroxyl species of Cu(II) on the Cu 9 S 8 /CNT loaded electrode 837 surface requires further attention with regard to the stability of this 838 catalyst material.
839
From the above Carbon supported M-N x matrix (M = 3d transition 840 metals) and Metal oxides section, it can be seen that N-doped carbon 841 has been commonly used as a support material. For the purpose of 842 increasing new non-electroneutral sites on carbon backbones, some 843 recent works have focused on adding another doping heteroatom of 844 sulfur during the synthesis of non-noble-metal electrocatalysts. Xu 845 et al. 192 found that a N and S co-doped Fe-N/C-TsOH catalyst using 846 TsOH (p-toluenesulfonic acid) as the S precursor shows better ORR 847 activity than the sulfur free catalyst. The enhancement was ascribed 848 of thiophenic-S (aromatic C-S-C).
871
Carbides & nitrides/oxynitrides.-As indicated in Table III The "high-temperature, high-pressure" obtained Fe 3 C/C catalysts 885 showed very similar ORR behavior to that of Pt/C in 0.1M KOH even 886 after hot acid leaching, indicating that there remains a synergic in-887 teraction between the Fe 3 C particles and the surrounding protective 888 graphic layers. Yang et al. 250 added PEG-PPG-PEG Pluronic P123 889 into a mixture of melamine and Fe(NO 3 ) 3 (no carbon support) and 890 successfully prepared bamboo-like carbon nanotube/Fe 3 C nanoparti-891 cle hybrids after pyrolysis at 800
• C in N 2 under normal pressure. The 892 ORR half-wave potential on the PMF-800 catalyst showed a positive 893 shift of 49 mV compared to a 20 wt% Pt/C catalyst and much higher 894 stability and better methanol tolerance. In line with the Fe 3 C/C cata-895 lysts in Hu et al.'s study, 246 it was found that the Fe 3 C nanoparticles 896 were encapsulated in b-CNTs, leading to a change of local work func-897 tions of CNT walls and strong stability in both acidic and alkaline 898 media. 251 have been typically used as support materials to improve the stability 902 of the electrocatalysts. Nevertheless, using a one-step hydrothermal 903 method, TiC nanowires were synthesized and exhibited doubled ex-904 change current density in comparison to the TiC powder sample. 256 As 905 expected, the one dimensional TiC catalyst also showed very good sta-906 bility and tolerance to MeOH. In addition to the above monometallic 907 transition metal carbides, a bimetallic CoWC@C catalyst was syn-908 thesized by a reduction and carbonization method in a flow of H 2 and 909 Ar. 265 The higher catalytic activity of the bimetallic CoWC@C cata-910 lyst as compared to WC@C and Co@C was attributed to the formation 911 of a Co 3 W 3 C phase as the active site for ORR.
912
In the large family of metal nitrides and oxynitrides, the composites 913 with metal elements from the groups from IVB to VIB have been 914 widely used as ORR electrocatalysts in both acidic and basic media 915 due to their stability and the capability to push electron density towards 916 the Fermi level by contraction of d-bands.
266,267 Using mpg-C 3 N 4 917 templates to control the particle size, TiN nanoparticles with particle 918 sizes in diameter of 7 nm, 12 nm and 23 nm were prepared with a 919 wet chemistry and a calcination step and tested for ORR in 0.1M 920 NaOH. 268 The ORR current follows the order of 7 nm >12 nm > 921 23 nm, which is consistent with the order of surface area on the 922 TiN nanoparticles. However, more than 50% of H 2 O 2 content for the 923 ORR products on the best TiN-7 nm catalyst indicates that only a two-924 electron transfer process was taking place on the oxynitrided electrode 925 surface. Recently, it was found that the ORR selectivity of TiN can 926 be dramatically improved by formation of a hierarchical TiN/TiCN 927 structure using a chemical vapor deposition approach. 258 The interface 928 between TiN and TiCN layers as shown in Figures 17a and 17b 
280-282 1014
Nevertheless, for the aforementioned carbon surface, the oxygen re-1015 duction has to stop at the second electron transfer step with HO 2 − as 1016 the major product because there is a lack of proper adsorption sites for 1017 HO 2 − to continue the following electron transfer steps. 283 It is there-1018 fore necessary to modify the crystallographic structure of the graphite 1019 in order to pursue a fundamental change from an outer-sphere elec-1020 tron transfer path to a favored inner-sphere electron path for oxygen 1021 reduction.
1022
As it is generally known that transition metal-N x moieties anchored 1023 at carbon crystallographic atomic defects such as the divacancy and 1024 armchair edges are key active sites for ORR after a pyrolysis process 1025 with a mixture of precursors of metal and nitrogen and carbon materi-1026 als, tremendous efforts have been devoted to the investigation of ORR 1027 performance of all kinds of carbon materials with doped heteroatoms 1028 to create defects. Indeed, all metal-free carbon based electrocatalysts 1029 ORR (see Figure 19b ). However, due to weak adsorption of OOH * 1055 on these doped graphene surfaces, the theoretical exchange current conductivity.
1097
Of all heteroatom-doped graphene catalysts, the B-doped is the 1098 most competitive alternative to the N-doped. 34 Through a DFT calcu-1099 lation on a model of graphic B-doped graphene, Fazio et al. 304 inferred 1100 that the positively charged boron atom is the active center for ORR in 1101 the B-doped graphene catalysts. For both dissociative and associative 1102 mechanisms of ORR, they conceived that the very first step is the ad-1103 sorption of molecular oxygen on B atoms with an end-on adsorption 1104 mode. In addition to single element doped graphene, there have ap-1105 peared a number of studies of bi-element co-doped graphene catalysts 1106 for ORR and the enhanced ORR activity as compared to N-doped 1107 samples was usually attributed to a "synergic effect" between N and 1108 the other elements.
296,305-308 Although it is probably true that the over-1109 all ORR activity may be benefited from an increased number of active 1110 sites, improved surface area and conductivity, and other factors under 1111 their specific preparation and testing conditions, the essence and the 1112 actual effect of the so called "synergic interaction" between different 1113 doping atoms needs further investigation.
1114
Although the thorough understanding of adsorption and desorp-1115 tion modes of O 2 and the reduction intermediates on heteroatom doped 1116 graphene is still pending, the synthesis and evaluation of ORR per-1117 formance have continued. Table V shows the recent work on ORR in 1118 alkaline media using heteroatom-doped graphene-based electrocata-1119 lysts without any metal salt added during preparation. It can be seen 1120 that the overall performance of the graphene metal-free catalysts is 1121 still quite far from the standard Pt/C catalyst except the ones with 1122 highly porous structure. 309 It has been noticed that bulk graphene 1123 layers typically suffer from serious stacking due to strong π-π inter-1124 actions, which may cause dramatically reduced specific surface area 1125 and reduced ORR performance. 310, 311 In order to increase the porosity 1126 of heteroatom doped graphene catalysts, a template adding-removal 1127 strategy was usually employed during the doping process prior to 1128 high temperature pyrolysis. For example, an aqueous dispersion of 1129 melamine and GO was dipped into liquid nitrogen to form ice crystal 1130 templates. 312 After sublimation of the ice and heat treatment, an N-1131 doped graphene sample with 30 times higher specific surface area than 1132 that without ice crystal templates was formed. The obtained catalyst 1133 showed a decrease of overpotential of 60 mV and produced an oxygen 1134 reduction intermediate of HO · radical. It is also very interesting to 1135 find that graphene like carbon nanosheets can be produced without the 1136 precursor of graphene oxide. As a typical example, Liu et al. 313 used 1137 chitosan and urea as the precursors and conducted pyrolysis with-1138 out any other treatment. The TEM image in Figure 20a shows that 1139 a transparent texture and crumpled-sheet morphology were formed. 1140 Due to the large specific area of ∼1510 m 2 g −1 and high ratio of 1141 graphitic/pyridinic nitrogen structure, the carbon nanosheet catalyst 1142 showed ORR performance close to that of Pt/C (Figure 20b ).
1143
Carbon nanotube based metal-free electrocatalysts.-In principle, the 1144 original cause of ORR activity from carbon nanotubes (CNTs) should 1145 be similar to that of graphene because the latter can be considered as 1146 the configuration of CNT unzipped longitudinally along its axis. As 1147 described in the above section, superior electrocatalytic activity for 1148 ORR on graphene may come from the defects and doping heteroatoms 1149 (for altering the charge density and increase of active sites), which 1150 leads to the major difference of preparation of these two types of 1151 electrocatalysts. From Table V , it can be seen that the synthesis of 1152 heteroatom doped graphene catalysts usually starts from the precursor 1153 of graphene oxide. It is not only because reduction of graphene oxide is 1154 a well-established protocol for preparation of graphene layers, but also 1155 because structure defects in bulk and facile replacement of oxygen by 1156 other heteroatoms can be realized, considering the fact that no report 1157 on the treatment of heteroatom sources (e.g. NH 3 or urea) with pristine 1158 graphene can be found.
1159
In contrast, heteroatom-doped CNTs are commonly produced ac-1160 cording to the following methods. (i) In situ CVD growth of N-CNTs. 1161 It has been widely employed to grow CNTs on transition metal par-1162 ticles (catalysts) using a chemical vapor deposition method and a 1163 precursor containing C such as acetylene, ethylene, and methane. As 1164 such an N-doped CNT catalyst can be easily produced with a precursor 1165 Flake-like structure On-set potential is 100 mV more positive than graphene.
336
At.% = 0.57 -1.92% Annealing of GO and boric acid Lamella structure The BG700 showed better ORR performance than others treated at lower temperature. generate C-O groups may also help to improve the ORR performance 1197 significantly. Dumitru et al. 325 treated CNTs with citric acid, diazo-1198 nium salts and peroxymonosulfuric acid separately and conducted 1199 heat treatment at moderate temperature (up to 450
• C) in some cases. 1200 Though not obvious from Figures 22a and 22b , an increase of the 1201 signal of COO on citric acid treated CNTs and C-O (or hydroxyl) 1202 on peroxymonosulfuric acid treated CNTs, and the presence of the 1203 4-nitrophenyl group on diazonium salts treated CNTs can be found 1204 based on deconvolution calculations (Figure 22c) . From the K-L plots 1205 in Figure 22d , the C-O (or hydroxyl) enriched sample shows a four-1206 electron pathway for ORR, whereas others show only a dominate 1207 two-electron pathway. It is very interesting to explore the special role 1208 of the surface C-O (or hydroxyl) function on the improvement of ORR 1209 selectivity and activity, given that non-specific adsorbed OH − on any 1210 electrode surface is quite abundant and responsible for promotion of 1211 mediated outer-sphere electron transfer for ORR.
11,280-282,326-329
1212
Other types of carbon materials.-Apart from the heteroatom doped 1213 or surface functionalized graphene and carbon nanotubes as metal-free 1214 ORR electrocatalysts, numerous and miscellaneous carbon materials 1215 such as carbon fiber, mesoporous carbon, graphyne and graphdiyne, 1216 aerogels, nanoparticles, quantum dots, and others with special mor-1217 phology or structure have been reported. Nevertheless, a general strat-1218 egy to change the pristinely inefficient (2-electron transfer for ORR) 1219 into efficient (4-electron transfer) electrocatalysts for ORR is still fo-1220 cused on doping heteroatoms, creating structural defects, and surface 1221 functionalization, given that there remain inconsistent results con-1222 cerning the active sites, role of heteroatoms and their content under 1223 different preparation conditions.
1224
Other than the typical examples about preparation methods, struc-1225 ture, ORR kinetics performance, etc. summarized in Table VI, Figure 23d , the edge is more active than the basal The electrode surface area 1271 may drop dramatically when a high loading is needed, which will 1272 cause a significant decrease of current density for ORR. One strategy 1273 to overcome this problem is to incorporate carbon nanotubes as a 1274 spacer into graphene layers and form a composite so that restacking 1275 of graphene can be avoided. Ratso et al. 344 pyrolyzed a mixture of GO 1276 and MWCNTs at 800
• C for 2 h using urea or DCDA as the N source 1277 for doping. As-synthesized electrocatalysts showed remarkable elec-1278 trocatalytic activity that is close to a commercial Pt/C as well as good 1279 long-term stability.
1280
In another example, Young et al. 345 synthesized a core-sheath 1281 structured CNT/N-carbon composite by pyrolysis of a monolithic 1282 CNT-ionic liquid-silica composite and subsequent removal of silica 1283 by HF. From RDE and alkaline fuel cell testing, the nanocomposite 1284 catalyst displayed one of the best performances among metal-free 1285 electrocatalysts for ORR. Unfortunately, the comparison of CNT/N-1286 carbon composite and N-carbon prepared under similar conditions 1287 is missing, which makes the role of CNT in this composite sample 1288 unclear. Additionally, (N and S) doped mesoporous carbon/graphene 1289 composites were prepared by calcining mesoporous silica/graphene 1290 composites in the presence of different types of amino acids as het-1291 eroatoms sources. 346 In this case, mesoporous carbon was formed 1292 on graphene sheets as shown in Figure 24 . As-prepared single 1293 doped and dual doped composite catalysts exhibited similarly high 1294 prepared N doped carbon nanosheets by a two-step hydrothermal re-1300 action and pyrolysis process (under NH 3 ) using typha orientalis as 1301 the only starting material. The sample heat treated at 800
• C shows a 1302 3D interpenetrated network structure (see Figures 25a and 25b) , and 1303 similar catalytic activity but higher durability than Pt/C (Figures 25c 1304  and 25d 366 ,367 studied kinetic parameters and 1364 the mechanism of ORR inside Nafion using RDE and electrochemi-1365 cal impedance spectroscopy (EIS). Not only the diffusion limitation 1366 in aqueous electrolyte but also the diffusion limitation in the active 1367 layer was fully considered to obtain the electrode kinetic parame-1368 ters. In practice, the diffusion in aqueous electrolyte was corrected 1369 by RDE with a Levich plot. 367 On the other hand a homogeneous 1370 flooded model 367-370 was employed to correct for diffusion limita-1371 tions in the active layer assuming that the mass transport in the gas 1372 layer is fast enough. From the dc and ac experiments it was found 1373 that an "ECE-Damjanovic" mechanism is valid on Pt nanoparticles 1374 inside the Nafion, and a direct four-electron transfer mechanism was 1375 confirmed. Durand et al. 369, 370 further studied the diffusion, ohmic, 1376 spatial discrete distribution drop and other effects in a gas diffusion 1377 electrode (GDE, illustrated in Figure 27 ) that is the most important 1378 component for catalysis in all kinds of fuel cells. From Figure 27 , 1379 the catalyst active layer of a GDE is made of catalyst nanoparticles, 1380 PTFE binder and Nafion ionomer in the voids. It is reasonable to infer 1381 that the thinner active layer leads to better ORR performance because 1382 ORR takes place only on the catalytically active sites having contact 1383 with both the carbon and electrolyte phases, and the gas (oxygen) 1384 diffusion resistance and ohmic drop are smaller. Using a modified 1385 flooded homogeneous model and EIS analysis, it was concluded that 1386 the restricted diffusion behavior for a GDE is not completely induced 1387 by the concentration gradient within the active layer.
370

1388
For the state-of-the-art Pt/C catalysts, the catalyst layer thickness 1389 of a 30% Pt/C is about 10 μm with a loading of 0.5 mgPt/cm 2 .
1390
However, for the non-precious metal catalysts prepared by pyrolysis 1391 of metal macrocycle compounds, the "active" transition metal load-1392 ing in the form of metal-N x instead of metallic form is usually lower 1393 than 3%. In order to increase the number of active sites and abso-1394 lute current value, a strategy of increasing the catalyst loading is 1395 always pursued. 192,235,238,372 As a result, a catalyst layer thickness of 1396 ∼50-100 μm will easily be reached, which makes the volumetric cur-1397 rent density 125-1000 times lower than that of a Pt/C electrode under 1398 the best scenario of equal current. Unfortunately, the absolute current 1399 will be decreased dramatically with significant mass transport issues 1400 within the catalyst layer even with the best ionomer and electrode ar-1401 chitectures to date. 356 Consequently, in general, an electrocatalyst with 1402 excellent ORR performance during RRDE measurements is promising 1403 but may not be qualified to be used in AAEMFCs. 373 New approaches 1404 are needed for changing the microstructure of electrodes that are made 1405 of electrocatalysts of lower active-site density than Pt.
1406
Recently, there have been some pioneering attempts to test and 1407 study the ORR performance of cathodic electrocatalysts in AAEM-1408 FCs. He et al. 217 fabricated AAEMFCs with an A201 Tokuyama an-1409 ion exchange membrane and either a commercial Pt/C catalyst or 1410 a high metal loading (24.7 wt.%) CoO/rGO(N) non-precious metal 1411 catalyst as the cathode. The large metal loading of CoO endows in-1412 creased active sites of CoO strongly coupled with pyridinic nitro-1413 gens in rGO(N) and reduced thickness of the catalyst layer. The cell 1414 voltage-current polarization curves shown in Figure 28 were obtained 1415 with a CoO/rGO(N) cathode of 7.8 μm and a Pt/C cathode of 6.0 μm. 1416 With a comparable thickness of catalyst layer, the power density on 1417 CoO/rGO(N) catalyst is closely approaching that of the Pt catalysts at 1418 practical voltages (e.g. 0.6 V). netics by imidazolium-based functional groups, it was believed that 1462 AAEMs containing these moieties may not be suitable for fuel cell 1463 applications.
1464
Another crucial aspect that must be considered for fuel cell op-1465 eration is the stability of the electrocatalysts especially under the 1466 drastic operating conditions such as sudden change of potentials on 1467 the cathode. Therefore, it is necessary to investigate the degradation 1468 mechanism of cathode electrocalysts over a long period of time un-1469 der extreme pH environments. To save time for assembling polymer 1470 electrode assemblies and testing in fuel cell systems, Meier et al. developed an "accelerated aging tests" protocol with a combination 1472 of an electrochemical half-cell and a technology of identical location 1473 transmission electron microscopy (IL-TEM). By means of precise 1474 identification of a specific area of a TEM gold grid coated with Pt/C 1475 electrocatalyst pre-and post-test cycles in acidic solutions, the degra-1476 dation processes were monitored in an ex-situ manner (see Figure 29) Though less intensively reported, some transition metal chalco-1572 genides, sulfur-doped non-noble-metal catalysts, transition metal car-1573 bides and nitrides/oxynitrides and perovskites have attracted more and 1574 more attentions due to promising ORR performance in alkaline me-1575 dia. From some recent reports on late transition metal chalcogenides 1576 composed of selenium and sulfur, variously structured nanoparticles 1577 or nanocomposites can be formed with a wet chemical method un-1578 der mild temperatures. Only some hypothesis about structure-activity 1579 relation and possible synergetic effects between chalcogenides and 1580 carbon supports were proposed, which makes it urgently needed to 1581 do systematical studies on this class of materials with compositions, 1582 microstructures, surface chemistry, support, stability of electrode, in-1583 termediates of ORR and other variables fully considered.
1584
In contrast to chalcogenides, better ORR kinetics was obtained on 1585 some sulfur-doped non-noble-metal catalysts. These materials were 1586 prepared by doping sulfur into carbon backbones with a pyrolysis 1587 process or forming thiospinels with a solvothermal method. The en-1588 hancement of ORR kinetics may be caused by improved porosity and 1589 conductivity by doping heteroatoms of sulfur into carbon backbones 1590 and altering of oxidation status of transition metals. However, there 1591 is some vague or missing information that needs clarification, includ-1592 ing the coordination effect of metal and sulfur in the cases of doping 1593 sulfur into carbon support and the distinct roles of metal-S bonds in 1594 thiospinels as opposed to those in chalcogenides.
1595
Some transition metal carbides and nitride/oxynitride electrocat-1596 alysts have evolved recently with decent (comparable or even better 1597 than Pt/C) ORR performance and durability in the absence or presence 1598 of methanol in alkaline media. The catalysts of Fe 3 C encapsulated in 1599 graphic layers or CNT walls have shown superior ORR kinetics to 1600 that of Pt/C and stability provided by the protective carbon layers, 1601 indicating that the metal carbide phases presumed as ORR inactive 1602 phases previously deserve urgent re-visit and thorough exploration. 1603 Transition metal carbides and nitrides/oxynitrides with metal elements 1604 from IVB to VIB groups have shown catalytic activity but incomplete 1605 oxygen reduction typically. For further improvement of the catalytic 1606 activity of the transition metal carbides and nitrides/oxynitrides, it 1607 may be beneficial to form bimetallic composites for obtaining multi-1608 ple active species and tuning of electronic states.
1609
Without the "acid-stability' requirement, some attempts have been 1610 made on the utilization of perovskite materials as elelctrocatalysts for 1611 ORR in alkaline media. Some disadvantages of perovskite materials 1612 such as high ohmic loss, low specific surface area and crystallite ag-1613 glomeration have been alleviated by combination of carbon support, 1614 new synthesis technologies, etc. Although the intrinsic catalytic activ-1615 ity of transition metal oxide perovskites can be improved by adjusting 1616 the metallic compositions, these materials have lower activity than 1617 the state-of-the-art cathodic catalysts for ORR considering the best 1618 performing perovskite materials reported thus far.
1619
For preparation of metal-free carbon material based electrocata-1620 lysts for ORR in alkaline medial, it is generally required to modify 1621 the electron neutrality of the carbon plane with highly delocalized SP 
1677
In addition to activity and kinetics for ORR, the stability of a 1678 cathode electrocatalyst is equally important in order to be employed 
